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From the analysis of high-resolution Si 2p photoelectron and near-edge x-ray absorption fine struc-
ture (NEXAFS) spectra, we show that core level excitations of epitaxial silicene on ZrB2(0001) thin
films are characteristically different from those of sp3-hybridized silicon. In particular, it is revealed
that the lower Si 2p binding energies and the low onset in the NEXAFS spectra as well as the oc-
currence of satellite features in the core level spectra are attributed to the screening by low-energy
valence electrons and interband transitions between π bands, respectively. The analysis of observed
Si 2p intensities related to chemically distinct Si atoms indicates the presence of at least one pre-
viously unidentified component. The presence of this component suggests that the observation of
stress-related stripe domains in scanning tunnelling microscopy images is intrinsically linked to the
relaxation of Si atoms away from energetically unfavourable positions. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4875075]

I. INTRODUCTION

Silicene, the silicon analogue of graphene, is predicted
to feature Dirac fermions at the Fermi level just like its car-
bon counterpart1, 2 offering a wealth of physical phenomena as
well as bright perspectives for electronic applications. Spin-
orbit coupling in silicene is predicted to be much larger than
in graphene such that a large quantum spin Hall effect,3, 4 a
topological phase transition,5 and perfect spin filtering6 could
be realized. While the synthesis of free-standing silicene re-
mains a major challenge, the preparation of two-dimensional,
epitaxial Si honeycomb structures on metallic substrates, such
as Ag(111),7–9 ZrB2(0001),10 and Ir(111)11 allows a compre-
hensive characterization of structural, electronic, and chemi-
cal properties of the layers that could lead to a verification of
properties unique to silicene.

It already became quite clear that both the structural
and electronic properties of epitaxial silicene phases are sub-
stantially different from those of the yet hypothetical free-
standing form.7, 8, 10 For instance, the lack of Dirac fermions
in silicene on Ag(111) has been reported recently.12 Epitax-
ial silicene on the ZrB2(0001) surface has been shown to
exhibit an atomistic buckling related to the (

√
3 × √

3) re-
construction of the honeycomb lattice.10 The reconstruction
leads to the back-folding of electronic states into the reduced
Brillouin zone and to the opening of a gap.10 While some
states in the vicinity of the Fermi level (EF) visible in angle-
resolved photoelectron (ARPES) spectra have been assigned

a)Author to whom correspondence should be addressed. Electronic mail:
friedl@jaist.ac.jp

to π bands,10, 13 details regarding the strength of hybridiza-
tion with substrate electronic states and the resulting type of
buckling are still subject of debate.14

In the present report, high-resolution Si 2p x-ray photo-
electron (XPS) and near-edge x-ray absorption fine structure
(NEXAFS) spectra of epitaxial silicene on the ZrB2(0001)
thin film surface are discussed. It is well established that such
core level spectra are very sensitive to the chemical environ-
ment and the bonding configuration in the vicinity of the Si
atom where the excitation occurs.15–18 Using these powerful
spectroscopic techniques, we provide further insightful infor-
mation on how atomic-scale buckling and the presence of π

electrons determine core level excitations in epitaxial silicene.

II. EXPERIMENTAL

The Si 2p photoelectron spectra have been obtained using
the SES-200 hemispherical analyzer at the end-station of the
undulator beam line 13A at the Photon Factory synchrotron
radiation facility, located at the High Energy Accelerator Re-
search Organization (KEK), Tsukuba, Japan. The energy res-
olution was better than 50, 70, and 100 meV, for photon en-
ergies of hν = 130, 340, and 700 eV, respectively, as de-
termined from the broadening of EF measured at tantalum
clamps nearby. Due to the fixed position of the analyzer at
this end-station, in the normal-emission geometry employed
in the measurements of the Si 2p core levels, the electric field
vector of the light is at an angle of 25◦ with respect to the
normal of the sample. The intensities have been normalized
to the photon flux as measured with a gold grid mounted in
the beam line.

0021-9606/2014/140(18)/184704/6/$30.00 © 2014 AIP Publishing LLC140, 184704-1
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NEXAFS spectra at the Si 2p threshold have been ob-
tained using a custom-built microchannel plate (MCP) detec-
tor at beamline D1011 of the MAX-Lab synchrotron radiation
facility in Lund, Sweden. Electrons have been collected in the
partial yield mode with the suppression for kinetic energies
below 30 eV. The photon-energy dependent intensity profile
of the light used for the normalization of the spectra has been
measured using a clean Ge sample. The absolute values of
the photon energies have been calibrated using second-order
light.

Oxide-free silicene samples have been prepared as de-
scribed previously.10, 19 Briefly, in our experiments, silicene
forms in situ and spontaneously through surface segregation
on metallic single-crystalline zirconium diboride thin films on
Si(111) wafers (P-doped, 3–5 �cm) after removing oxides by
annealing of the samples at about 780 ◦C under ultra-high vac-
uum conditions (i.e., pressure below 3 × 10−9 mbar). During
the measurements, samples were held at room temperature.
The (2 × 2) reconstruction of the annealed ZrB2(0001) sur-
face has been verified by low-energy electron diffraction.

III. RESULTS AND DISCUSSION

A. Si 2p core levels

Fig. 1(a) shows the normal-emission Si 2p spectrum ob-
tained for hν = 130 eV, which resembles the one reported
previously.10 Due to the higher energy resolution, however,
for both the 2p1/2 and 2p3/2 lines, two peaks can be recog-
nized to be well separated from each other. Following the sub-
traction of the Shirley background, three components labelled
α, β, and γ related to the A, B, and C atomic positions of
the Si atoms within the (

√
3 × √

3) unit cell of epitaxial sil-
icene, shown in Fig. 1(b), are again identified by the peak fit-
ting procedure using asymmetric Pseudo-Voigt functions de-
scribed in detail previously.10 Here it is important to remark
that this initial assumption of three components is based on
the structure model outlined recently for the honeycomb lat-
tice within stripe domains visible in scanning tunnelling mi-
croscopy (STM) images.10 As discussed in detail in Sec. III C,
it is actually one of the goals of the present evaluation to show
that this initial assumption does not hold and that at least one
additional component is not accounted for.

For the peak fitting procedure using the initial assump-
tion, for all of the three components labelled α, β, and γ , the
same branching ratio of 2:1, and the same spin-orbit splitting
of 600 meV have been employed. The same asymmetry pa-
rameters as well as Gaussian and Lorentzian widths have been
used for the 2p1/2 and 2p3/2 lines. Note that the decision to
keep these parameters fixed for both spin-orbit split lines has
been taken in order to reduce the parameter set in the fitting
procedure. Given the quite similar nature of the photoelec-
tron transitions for the two lines, it might be reasonable to as-
sume that vibrational progressions for the 2p1/2 and 2p3/2 tran-
sitions between the initial and final state potential surfaces,
life times related to the photoelectron emission processes20 as
well as satellite features related to electron-hole pair excita-
tion (or low-energy shake-up) and photoelectron energy loss

FIG. 1. (a) Surface-sensitive Si 2p photoelectron spectrum of silicene on a
thin ZrB2(0001) film recorded at normal emission, using a photon energy of
hν = 130 eV (●). Chemical states α, β, and γ are identified by a peak fitting
procedure and relate to the three distinct atomic sites within the (

√
3 × √

3)-
reconstructed and buckled honeycomb lattice. The full line (—) is the sum of
the three components. (b) In-plane structure model of silicene on ZrB2(0001)
within the center of stripe domains. The A, B, and C Si atoms are indicated
together with the diamond-shaped unit cell of the (2 × 2)-reconstructed di-
boride surface. (c) STM image of silicene on the ZrB2(0001) surface showing
protrusions the formation of stripe domains (sample bias −500 mV, tunnel
current set point 55 pA). The (2 × 2) unit cell is indicated by green diamonds.

processes effects might be quite similar to each other for the
two lines.

Note that due to the presence of modified ZrB2 (0001)
surface states, the silicene-diboride interface is metallic.10, 21

In general, for metallic materials, the latter two processes as-
sociated with the photoionization process as well as typically
also the vibrational progressions lead to a (possibly struc-
tured) tail at the high-binding energy side.22 Since the exact
line shape is formed by a complex convolution of contribu-
tions from Gaussian (accounting for the experimental broad-
ening), Lorentzian (due to life time effects) and Poisson-like
(for vibrational degrees of freedom)23, 24 functions as well as
due to an unknown tail from satellite features and possible
other solid-state screening effects, we refrain for a more de-
tailed discussion of the physics behind the line shape and in
particular also of a discussion of the Gaussian/Lorentzian ra-
tio that go beyond the statements made in this contribution.
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FIG. 2. (a)–(d) Normal-emission Si 2p photoelectron spectra of silicene on a
thin ZrB2(0001) film obtained at different photon energies: (a) hν = 130 eV,
(b) hν = 340 eV, and (c) hν = 700 eV. (d) Magnification of the high-binding
energy tail of the spectrum plotted as (d). Shake-up features s1, s2, s3, and s4
are identified 1.95 eV above the corresponding main peaks. (e) The normal-
emission Si 2p spectrum of the Si(111)-(7 × 7) surface measured with hν

= 268 eV.

In the present evaluation for hν = 130 eV, the asym-
metry parameters are 0.05, 0.18, and 0.10 and the Gaus-
sian/Lorentzian ratios are 0.70, 0.95, and 0.70, for the α, β,
and γ components, respectively. Note that at the high-binding
energy side, the full line representing the sum of the fitted in-
dividual components does not agree well with the experimen-
tal data points. This is likely due to an unresolved tail related
to satellite features associated with the 2p3/2 peaks, as we will
discuss later.

For the 2p3/2 line, the most intense component β is found
at the binding energy of 98.98 ± 0.02 eV. Its 2p1/2 counterpart
is shifted towards higher binding energy, the amount deter-
mined by the spin-orbit splitting of 600 ± 5 meV. Similar to
the previous evaluation, the γ and α components are shifted
140 ± 3 meV and 260 ± 3 meV, respectively, towards lower
binding energy with respect to β. Due to the higher exper-
imental resolution, the full widths at half maximum of 140
meV, 180 meV, and 130 meV, for α, β, and γ , respectively,
are significantly reduced as compared to the previous data.10

The new spectrum reveals that the asymmetry parameter and
the full width at half maximum are larger in particular for β

which suggests that the associated peaks might derive from
several chemical states which cannot be properly resolved by
the fitting procedure. Further evidence for this hypothesis will
be discussed later.

In Figure 2, spectra of silicene obtained with (a) hν

= 130 eV, (b) 340 eV, and (c) 700 eV are compared to (e)
a bulk-sensitive Si 2p spectrum of the clean Si(111)-(7 × 7)
surface, obtained with hν = 268 eV. The bulk 2p3/2 compo-
nent as assigned in Refs. 15 and 16 appears at a binding en-
ergy of 99.43 ± 0.05 eV and is indicated by a vertical line
in Fig. 2. Note that for the Si(111)-(7 × 7) surface, EF has
been discussed to be pinned by a dangling bond state such that
the core level binding energies may not depend on the doping
level of the wafer.25 Strikingly, the β, γ , and α components

of the 2p3/2 line of silicene are shifted by 450 ± 70 meV, 590
± 70 meV, and 710 ± 70 meV towards lower binding en-
ergy, respectively. Since the Si(111)-(7 × 7) surface26 and sil-
icene on ZrB2 films19 have very similar work functions,13 this
binding energy difference, as measured with respect to EF,
translates into similarly different core-level ionization ener-
gies as well. Note that equally large shifts towards lower bind-
ing energy have been observed for a number of reconstructed
Si single crystal surfaces and attributed to the presence of Si
surface atoms with dangling bonds: for the Si(111)-(7 × 7)
surface the shift amounts to about 700 meV16, 18 (see the sur-
face component marked as “surface” in Fig. 2(e)) and for the
Si(100)-(2 × 1) and Si(100)-c(4 × 2) surfaces the shift for the
topmost Si atom is about 450–550 meV.16, 18, 27

The observed binding energy difference is reminiscent of
the one observed between the C 1s electrons of diamond and
graphene. Note that the C 1s binding energy of sp3-hybridized
carbon atoms in the bulk of diamond (∼285.0 eV28) is about
0.8 eV higher than that of sp2-hybridized atoms in graphene
(∼284.2 eV29). This suggests that the low Si 2p binding en-
ergy is related to a certain degree of sp2 hybridization for all of
the Si atoms within the buckled honeycomb lattice of epitax-
ial silicene. It can then be understood that the binding energy
positions of the α, β, and γ components are primarily caused
by the buckling of the silicene layer characterized by a vary-
ing sp2/sp3 ratio, and only to a minor extent by the screening
from and electronic coupling to the substrate which, as dis-
cussed previously, enhances the splitting among the individ-
ual components.10

B. Core-level satellite features

For the spectra shown in Fig. 2, obtained with hν = 130,
340, and 700 eV, as expected, the lower experimental reso-
lution at higher photon energies leads to a broadening of the
spectral features. Most importantly, at the high-energy side
of the spectrum, the tail is enhanced with increasing hν. As
shown in Fig. 2(e), for hν = 700 eV, the tail becomes even
structured showing two groups of features that are split by
0.6–0.7 eV. Note that within the uncertainty of the evaluation,
the splitting follows the value expected from the spin-orbit
coupling. Since dynamical processes depend strongly on the
excitation energy,30, 31 these satellite features may be related
to either shake-up or plasmon excitations associated with the
2p3/2 and 2p1/2 main lines, respectively. These satellites, de-
noted as s1, s2, s3, and s4, are located at 1.95 ± 0.10 eV
deeper than the four main peaks. This energy is close to the
prominent peak at 1.7 eV in the calculated optical absorbance
that is related to the predicted high optical transition strength
between π bands at the M point of non-reconstructed, free-
standing silicene.32 The associated maximum in the joint den-
sity of states may lead to both shake-ups and the π plasmon
resonance.

Provided that the silicene-derived partial density of states
of the hybrid silicene-diboride surface is different from that of
free-standing silicene,21 the agreement may be accidental. On
the other hand, it is established for carbon π electronic sys-
tems like graphite, fullerenes and carbon nanotubes that the π
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plasmon frequency related to the collective excitation of all of
the π electrons is closely associated with the maximum in the
joint density of states related to the size of the transfer inte-
gral between atomic p orbitals in sp2-hybridized systems.33, 34

A similar association might apply for silicene π electronic
materials as well.

C. The atomic ratio of individual Si sites

The individual components α, β, and γ have been as-
signed to the three chemically distinguishable atomic sites,
labelled as A, B, and C, within the (

√
3 × √

3) unit cell of
epitaxial silicene that represents itself as a (2 × 2) reconstruc-
tion of the ZrB2 (0001) surface.10 From the corresponding in-
plane structure model shown in Fig. 1(b), the A:B:C atomic
ratio is 2:3:1. Note that this model so far neglects the pres-
ence of stripe domains that have been revealed in large-scale
scanning tunnelling microscopy (STM) images10 similar to
the one shown in Fig. 1(c). In this image obtained at room
temperature, bright spots correspond to protrusions that might
be associated with C-site atoms located in positions on top of
Zr atoms.35

Figure 3(a) shows a selection of Si 2p spectra obtained in
the photon energy range between 120 eV and 220 eV. When
normalizing the intensity of the Si 2p spectra to the inten-
sity of the β component, as done in Fig. 3(a), strong oscilla-
tions with hν of the second main peaks related to the α and
γ components, centered at binding energies of 98.72 eV and
99.32 eV, are clearly recognized. These oscillations are rem-
iniscent of variations observed in the intensity ratio of com-
ponents related to surface and bulk atoms in Si(111)-(7 × 7)
core level spectra, and are related to photoelectron diffraction
effects.36 Any conclusion with regard to atomic ratios derived
from these three components in silicene based on spectra ob-
tained with just a few photon energies must therefore contain
a certain margin of error that, however, can be diminished by
considering the intensities of the three components in a wider
energy range.

For the evaluation of the spectral intensities of the α, β,
and γ components as a function of hν, the 2p3/2 line as nor-
malized to the photon flux has been fitted in the energy range
between 98.2 and 99.1 eV using asymmetric Poisson func-
tions as discussed in Sec. III A. Fitting of the line at lower en-
ergies, e.g., the 2p3/2 line, alone using a cut-off energy largely
avoids the uncertainty related to the high-energy tail from the
2p1/2 line that is superimposed to the 2p3/2 line. Note that
given the restraints imposed by the chosen fitting functions,
the fitting procedure is quite precise and robust. This is due to
the quite perfect separation between the intense α and β peaks
that allows for a good fit of the low- and high-energy flanks of
the two main peaks, respectively. As expected, with increas-
ing hν, the Gaussian width increases due to the lower experi-
mental resolution while the Lorentzian width, the asymmetry
ratio as well as the energy positions remain essentially un-
changed. The results of the evaluation are shown in Fig. 3(b).

All of the three components show strong but different
oscillations that are in particular strong at energies below
175 eV. In the inset of Fig. 3(b) are shown the intensities of

FIG. 3. (a) Normal-emission Si 2p spectra obtained in the photon energy
range between 120 eV and 220 eV. The intensity of the Si 2p spectra is nor-
malized to with respect to that of the β component. (b) Spectral intensities of
the α (�), β (●), and γ (◦) components as a function of the photon energy, as
normalized to the photon flux. The inset shows the relative intensities of the
α, β, and γ components as normalized to the total Si 2p intensity. Averaged
intensities are shown by dotted lines.

the individual components as normalized to the total Si 2p
intensity. Using this procedure, the intensities become inde-
pendent from the energy-dependent transmission of the spec-
trometer and from the Si 2p atomic photoelectron emission
cross-section. The average normalized intensities are found
to oscillate around constant values shown as dotted lines. Us-
ing these average values, the corresponding ratio between α,
β, and γ components is derived to be 2.3:3.4:0.3. Note that
this ratio represents a substantial deviation from the model
atomic ratio of 2:3:1. In particular, the γ component seems to
be strongly underrepresented. Since A- and C-site atoms be-
long to the same sub-lattice and are chemically quite similar,
it is possible that the α and γ components are not be properly
identified by our peak fitting procedure. But even so, more
than a third of the C-site atoms must be in a chemical envi-
ronment δ that leads to a chemical shift close to that of β. This
explanation is also consistent with the larger full width at half
maximum of the β component, as discussed above.

Since the ratio does not follow the one expected from the
model proposed to describe the (

√
3 × √

3) unit cell of epi-
taxial silicene that relates itself to the (2 × 2) reconstruction
of the ZrB2(0001) surface, it is strongly suggested that the
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FIG. 4. Si 2p near-edge x-ray absorption fine structure spectra of silicene on
a thin ZrB2(0001) film at (a) θ = 20◦, (b) 50◦, and (c) 90◦. Vertical bars indi-
cate spectral features (1)–(6). (d) The corresponding spectrum of the Si(111)-
(7 × 7) surface at θ = 50◦ is shown for comparison.

varying chemical state of C-site atoms is intrinsically linked
to local structural deviations and thus to the formation of the
stripe domains. Additionally, note that B-site atoms are lo-
cated in between on-top and bridge positions.10 Since on-top
positions are the energetically least favourable ones,14 shift-
ing C-site atoms away from on-top positions may lower the
total energy of the adsorbed silicene sheet. This, on the other
hand, supports the hypothesis that the δ chemical state could
relate to local structural deviations from the (

√
3 × √

3) pat-
tern. As such, considering the extent of domain boundaries
visible in the STM image in Fig. 1(c), it may be conceived
that C-site atoms in the δ chemical state are located within an
extended boundary region while those in the γ chemical state
are within the central parts of the stripes.

D. Angle-dependent NEXAFS spectra

In Figure 4 are shown Si 2p NEXAFS spectra of epitaxial
silicene for the three angles θ = 20◦, 50◦ and 90◦, with θ

being defined as the angle between the electric field vector
of the light and the normal of the sample. For comparison,
the corresponding spectrum of the Si(111)-(7 × 7) surface at
θ = 50◦ is shown.

The NEXAFS spectrum of silicene has a sharp onset at
98.7 eV that is followed by a steady increase until about 102.2
eV. Several resonances, denoted as (1) - (7), can be recog-
nized as either shoulders or peaks. Features (1) - (4) do not
show a dependence on θ while feature (5) increases and fea-
tures (6) and (7) decrease with θ . Note that the relative transi-
tion strength related to both π∗ and σ ∗ resonances depends on
the orbital character (e.g., 2p or 1s) of the core electrons in-
volved in the transitions which one should bear in mind when
comparing the angular dependence of NEXAFS spectra of for
instance graphite37 or graphene38 with those of silicene, ob-
tained at different thresholds. While p-p transitions are dipole
forbidden,39 a transition from an orbital with p symmetry into
π∗ electronic states will occur with a minor intensity since π∗

orbitals have a partial s character.40 Additionally, for transi-

tions from core orbitals with p symmetry into valence s or-
bitals, a vanishing angular dependence is expected.39, 40 Since
features (1)–(4) do not exhibit any angular dependence, they
may correspondingly be assigned to π∗ resonances. For sil-
icene on ZrB2(0001), unoccupied electronic states as close
as 0.1 eV above EF have been observed by scanning tun-
nelling spectroscopy35 and by ARPES as a state shifted be-
low EF following the adsorption of K atoms.13 The appear-
ance of π∗ resonances in the NEXAFS spectrum would then
be highly consistent with the assignment of a π∗ character to
these states.

In this context, it is important to compare the spectrum to
that obtained from surfaces of Si wafers.16, 41 In the spectrum
of the Si(111)-(7 × 7) surface shown in Fig. 4(d), the steep
onset of bulk-related absorption at about 99.6 eV41 has σ ∗

character, while a pre-resonance with a minor spectral weight
at about 98.6 eV, more clearly visible in the surface-sensitive
mode for the Si(100)-(2 × 1) surface,16 may possibly be at-
tributed to the top-most Si atoms. These atoms are thought to
be in a sp2 bonding configuration.27 The comparison shows
that it is reasonable to assign the σ ∗ absorption onset in sil-
icene to photon energies in between 99 and 99.5 eV, by taking
into account the Si 2p binding energy difference between sil-
icene and the bulk of sp3-hybridized silicon. In contrast to the
case of graphite30 and graphene,31 the energies of the onsets
of π* and σ* absorption in silicene might not be so far from
each other since the total band widths of π∗ and σ ∗ bands are
less than half of those in graphene.1, 2, 13

IV. CONCLUSIONS

In conclusion, high-resolution Si 2p photoelectron and
NEXAFS spectra contain a wealth of information related
to the structural and electronic properties of (

√
3 × √

3)-
reconstructed and buckled epitaxial silicene. In particular, the
core level binding energies are generally lower than those of
sp3-hybridized Si atoms in the bulk of silicon single crystals
and reflect the varying sp2/sp3 ratio for the distinct atomic
sites. The analysis of the intensity of individual components
in a wide photon energy range is used to obtain the ratio of
Si atoms at various sites, and reveals an abundance of C-site
atoms that is significantly lower than expected from the pro-
posed structure model. Since the C sites correspond to ener-
getically unfavourable on-top positions, we propose that this
is related to a relaxation of the silicene sheet such that these
atoms adopt a different position within the extended boundary
regions in between stripe domains observed in STM images.
This is consistent with the relatively large full width at half
maximum of the XPS features corresponding to B-site atoms,
where the broadening could be due to the presence of atoms
that have shifted away from the C sites.

While it is difficult to obtain optical reflectance spectra
for silicene on ZrB2(0001) or Ag(111) surfaces, the appear-
ance of photoelectron satellite features close to predicted peak
energies in the optical absorbance suggests a relation with in-
terband transitions between π bands at and in the vicinity of
the M point of non-reconstructed silicene.

The Si 2p x-ray absorption onset is found to be below
that of Si atoms in sp3 bonding configurations and is caused

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

150.65.166.107 On: Mon, 12 May 2014 23:43:23



184704-6 Friedlein et al. J. Chem. Phys. 140, 184704 (2014)

by transitions into states with π∗ character. The study of core
level excitations is therefore a powerful tool for the identifi-
cation of epitaxial silicene and its remarkable structural and
electronic properties. This capacity will be crucial for the
characterization of low-dimensional Si nanostructures needed
to create a future silicene-based electronics.
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